Cholesterol synthesis and lipoprotein uptake are tightly coordinated to ensure that the cellular level of cholesterol is adequately maintained. Hepatic dysregulation of these processes is associated with pathological conditions, most notably cardiovascular disease. Using a genetic approach, we have recently identified the E3 ubiquitin ligase MARCH6 as a regulator of cholesterol biosynthesis, owing to its ability to promote degradation of the rate-limiting enzymes 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMGCR) and squalene epoxidase (SQLE). Here, we present evidence for MARCH6 playing a multifaceted role in the control of cholesterol homeostasis in hepatocytes. We identify MARCH6 as an endogenous inhibitor of the sterol regulatory element binding protein (SREBP) transcriptional program. Accordingly, loss of MARCH6 increases expression of SREBP-regulated genes involved in cholesterol biosynthesis and lipoprotein uptake. Unexpectedly, this is associated with a decrease in cellular lipoprotein uptake, induced by enhanced lysosomal degradation of the low-density lipoprotein receptor (LDLR). Finally, we provide evidence that induction of the E3 ubiquitin ligase IDOL represents the molecular mechanism underlying this MARCH6-induced phenotype. Our study thus highlights a MARCH6-dependent mechanism to direct cellular cholesterol accretion that relies on uncoupling of cholesterol synthesis from lipoprotein uptake.
C
holesterol is an essential constituent of cellular membranes and signaling pathways and is a precursor of sterol-derived molecules (1) . Yet elevated levels of cholesterol are toxic to cells, and dysregulated cholesterol metabolism is associated, most evidently, with development of cardiovascular disease. As such, multiple transcriptional networks and posttranscriptional processes regulate the synthesis, uptake, and efflux of cholesterol. Transcriptionally, these processes are largely governed by the opposing actions of the transcription factors sterol regulatory element binding proteins (SREBPs) and the liver X receptors (LXRs) (2-6). Upon sensing low cholesterol levels in the endoplasmic reticulum (ER), SREBPs are processed into their mature, transcriptionally active form. This results in induction of the full set of genes required for de novo biosynthesis of cholesterol via the mevalonate pathway and of the low-density lipoprotein receptor (LDLR) that is required for uptake of LDL-derived cholesterol (7, 8) . In contrast, LXRs, members of the nuclear receptor family, are activated when cellular cholesterol levels are elevated. Once activated by their cognate oxysterol ligands, LXRs induce cholesterol efflux pathways (e.g., via the transporters ABCA1 and ABCG1) and limit LDL uptake by inducing expression of the E3 ubiquitin ligase (E3)-inducible degrader of the LDLR (IDOL) (6, 9, 10) . The coordinated action of these two transcription factor families ensures that cellular cholesterol is adequately maintained at an appropriate level.
Next to transcriptional regulation, posttranscriptional mechanisms are emerging as a potent method to regulate cholesterol metabolism. Here, ubiquitylation-stimulated degradation of key nodes of cellular cholesterol metabolism is often used (11) . Two notable examples are the sterol-dependent ubiquitylation of the LDLR by IDOL and of the rate-limiting enzyme in the mevalonate pathway, 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMGCR), by two ER-resident E3s, GP78 and TRC8 (12) (13) (14) .
Following their ubiquitylation, the LDLR and HMGCR are subjected to degradation in the lysosome and to ER-associated degradation (ERAD) in the proteasome, respectively. We along with others have recently identified the ER-resident E3 membrane-associated RING Finger 6, MARCH6 (also known as TEB4), as an E3 that controls the basal and cholesterol-stimulated degradation of squalene epoxidase (SQLE; also known as squalene monooxygenase) (15) (16) (17) . Acting downstream of HMGCR, SQLE is a second, less appreciated, rate-limiting step in the mevalonate pathway and, in fact, the enzyme committing the pathway to producing cholesterol rather than isoprenoids (15) . In response to elevated cholesterol levels, MARCH6, acting as an ERAD-associated E3, promotes the ubiquitylation and proteasomal degradation of SQLE. This in turn attenuates production of cholesterol through the mevalonate pathway, while sparing isoprenoid synthesis (16, 18) .
While MARCH6 controls SQLE abundance, we also found that the silencing of MARCH6 regulates the basal levels of HMGCR, comparable to what was shown for the E3 HRD1 (16, 19) . The ability of MARCH6 to govern the levels of these two important rate-limiting enzymes in cholesterol biosynthesis positions it as a regulator of metabolic flux through the mevalonate pathway. For SQLE this involves direct ubiquitylation by MARCH6, but the mechanism behind control of HMGCR abundance by MARCH6 is unclear. In the current study, we reveal a multifaceted role for MARCH6 in controlling cholesterol metabolism in hepatocytes. We identify MARCH6 as a negative regulator of SREBP2-mediated transcription and describe an unexpected E3 circuit functionally linking MARCH6 and IDOL to limit uptake of LDL via the LDLR pathway.
MATERIALS AND METHODS
Reagents. Bafilomycin A1 and MG132 were purchased from Calbiochem. Recombinant human proprotein convertase subtilisin/kexin 9 (hPCSK9) was from Invitrogen. Alirocumab, a humanized PCSK9-blocking antibody, was a kind gift from Sanogi-Regeneron. All other reagents were purchased from Sigma.
Cell culture. HEK293T, HepG2, Huh7, and SNB19 cells were obtained from ATCC. HepG2 cells stably expressing LDLR-green fluorescent protein (GFP) were previously described (10) . An IDOL HepG2 knockout (KO) cell line was generated by deleting 41 bp in exon 4 using CRISPR/Cas9 technology, and single clones were ultimately analyzed using next-generation sequencing. Cells were cultured at 37°C and 5% CO 2 in Dulbecco's modified eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). IHH cells were a kind gift from Geesje Dallinga-Thie (Amsterdam, The Netherlands) and cultured in William's E medium supplemented with 2 mM glutamine, 10% FBS, 20 mU/ml bovine insulin, and 50 nM dexamethasone, as previously reported (20) . Where indicated in the figures and figure legends, cells were sterol depleted by culture in sterol depletion medium (DMEM supplemented with 10% lipoprotein-deficient serum [LPDS], 2.5 g/ml simvastatin, and 100 M mevalonate) for 24 h. For detection of PCSK9 in culture medium, cells were washed with phosphate-buffered saline (PBS) and cultured in Opti-MEM (Invitrogen) for 24 h prior to cell lysis. The culture medium was collected, and cell debris was removed by centrifugation.
siRNA interference experiments. To silence specific genes, HEK293T cells were transfected with 30 nM small interfering RNA (siRNA) using JetPrime (Polyplus). HepG2 and Huh7 cells were reverse transfected with 30 nM siRNA using Lipofectamine RNAiMAX (Invitrogen). For cotransfections with plasmids, cells were transfected using JetPrime (Polyplus). To silence two genes (double knockdowns), a 30 nM concentration of each of two siRNAs was used. The total amount of siRNA transfected into cells was kept constant within an experiment. Unless otherwise stated, ON-TARGETplus SMART pool control (D-001810-10), MARCH6 (L-006925-00), and IDOL (L-006976-00) siRNAs from Dharmacon were used. Ambion Silencer Select single MARCH6 siRNAs (catalog numbers S20137, S20138, and S20139) and controls (AM4611) were purchased from Invitrogen and used as indicated in the figures and figure legends.
RNA isolation and qPCR. Total RNA was isolated from cells using a Direct-zol RNA MiniPrep kit (Zymo Research). One microgram of total RNA was reverse transcribed using an iScript cDNA synthesis kit (BioRad). FastStart Sybr green Master (Roche) or SensiFAST SYBR (Bioline) was used for real-time quantitative PCR (qPCR) assays performed on a LightCycler 480 II system (Roche). Gene expression levels were determined and normalized to the expression level of 36B4. Sequences for qPCR primers are available upon request.
Antibodies, immunoblot analysis, and immunoprecipitation. Total cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 100 mM Tris-HCl, pH 7.4) supplemented with protease inhibitors (Roche). Lysates were cleared by centrifugation at 4°C for 10 min at 10,000 ϫ g. Samples were separated on NuPAGE Novex 4 to 12% Bis-Tris gels (Invitrogen) and transferred to nitrocellulose membranes. Membranes were probed with antibodies for following: LDLR (EP1553Y, 1:1,000; Abcam), tubulin (clone DM1A, ascitic fluid, 1:5,000; Sigma,), ␤-actin (1:10,000; Millipore,) very-low-density lipoprotein receptor (VLDLR) (6A6, 1:1,000; Santa Cruz Biotechnology), His (H8, 1:1000; Abcam), squalene monooxygenase (1:500; Proteintech), FLAG (M2, 1:1,000; Sigma), V5 (1:1,000; Invitrogen), and PCSK9 (10240, 1:1,000; Cayman Chemical). Secondary horseradish peroxidase-conjugated antibodies (Invitrogen) were used and visualized with chemiluminescence on a Fuji LAS 4000 system (GE Healthcare). All immunoblots shown are representative of at least three independent experiments with similar results.
Plasmids and expression constructs. The LDLR 4000 -Luc (where Luc is luciferase) and LDLR-Sm-Luc (proximal LDLR promoter in which the SRE is mutated) reporters were a kind gift from Hiroyoshi Ariga (Hokkaido University, Japan) (21) . The SRE-Luc and 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMGCS)-Luc reporters were a gift from Joseph Roitelman (Tel Aviv University, Israel). Luciferase reporter assays were performed using a Dual-luciferase reporter assay kit (Promega) according to the manufacturer's instructions. The expression plasmid encoding a C-terminally tagged V5 PCSK9 was constructed by amplification of human PCSK9 cDNA from HepG2 genomic DNA and cloning the product into pIRES-V5-GFP. CD8-LDLR intracellular (a fusion protein that includes the intracellular tail of LDLR) was amplified from pcDNA3.1-CD8-LDLR (kind gift from Sean Conner, University of Minnesota, MN) and gateway cloned into pDEST47 (22) . All plasmids used in mammalian transfection experiments were isolated by CsCl 2 gradient centrifugation. The correctness of all constructs used in this study was verified by DNA sequencing.
ELISA. Cell supernatants were cleared by centrifugation at 4°C for 10 min at 10,000 ϫ g. PCSK9 concentrations were measured in duplicate in supernatant from HepG2 and Huh7 cells with a SPC900 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D System, Lille, France), as described previously (23) .
LDL uptake assays. DyLight 488-labeled LDL was produced as described previously (24) . Briefly, to measure LDL uptake, HepG2 cells were washed twice with PBS and incubated with 5 g/ml DyLight 488-labeled LDL in DMEM supplemented with 0.5% bovine serum albumin (BSA) for 1 h at 37°C or at 4°C as a control. Cells were then washed twice with PBS supplemented with 0.5% BSA and lysed in RIPA buffer. LDL uptake was determined by quantification of the fluorescence signal on a Typhoon imager, and specific LDL uptake into cells is presented as the mean ϩ standard deviation (SD). For confocal imaging, HepG2 cells were grown on glass slides and treated as described above. Subsequently, cells were fixed with paraformaldehyde and stained with 4=,6-diamidino-2-phenylindole (DAPI). A TCS SP8 confocal microscope equipped with a 405-nm laser (for DAPI) and 488-nm laser (for DyLight 488-labeled LDL) and with a 63ϫ objective (Leica Microsystems, Mannheim, Germany) was used.
Statistics. Analysis was done using the Prism software package. Results were evaluated by a t test for comparisons of two groups or by oneway analysis of variance (ANOVA) for grouped analysis, and error bars indicate SDs. Symbols for statistically significant P values are defined in the figure legends.
RESULTS
We have recently demonstrated that MARCH6 promotes cholesterol-dependent degradation of SQLE but that MARCH6's involvement in oxysterol-stimulated degradation of HMGCR is less clear (16) . However, in that study we reported that silencing of MARCH6 significantly elevated basal levels of HMGCR, implicating the involvement of a distinct mechanism (16) . We therefore considered the possibility that MARCH6 is involved in transcriptional regulation of HMGCR by SREBP2 (4). As a first step, we tested whether MARCH6 can influence three established SREBP reporters in human hepatocyte-like HepG2 cells. These reporters consist of an artificial tandem SRE (SRE-Luc) and SREs in the context of their SREBP2-regulated proximal promoters (HMGCS-Luc and LDLR 4000 -Luc) (21) . The reporters showed low basal reporter levels under control conditions ( Fig. 1A and B) . Effective silencing of MARCH6 in these cells, however, led to a dramatic increase in the transcriptional activity of all three reporters (8-to 10-fold increase) but not of the empty luciferase construct. The effect of MARCH6 knockdown on SRE-luciferase activity was dose dependent (see Fig. S1A in the supplemental material) and was also apparent in Huh7 cells, another hepatocyte-like cell line (see Fig. S1B ). Importantly, to rule out the possibility that our observations are an off-target effect of the siRNA we were using, we confirmed that independent single siRNAs targeting MARCH6 expression also increased the SRE-Luc reporter in HepG2 (Fig. 1C ) and Huh7 hepatocytes (see Fig. S1B ). The proximal promoter of the LDLR contains an SRE that is essential for its transcriptional regulation by SREBP2 (21, 25) . To establish that the transcriptional effect of MARCH6 is SRE dependent, we therefore compared the responses of an LDLR wild-type and an SRE-mutated proximal promoter reporter and found that loss of this element prevents regulation of the reporter by MARCH6 (Fig. 1D) . To extend this observation beyond the SRE-based reporter system, we determined the mRNA expression levels of a panel of established SREBP2-regulated genes in hepatocytes. As anticipated, expression of the studied genes increased in response to depletion of cellular cholesterol (Fig. 2) . Importantly, expression of MARCH6 itself was not sensitive to the cellular sterol status (see Fig. S2A in the supplemental material). Silencing MARCH6 in hepatic cell lines reduced its mRNA levels and increased the protein level of its degradation target, SQLE (see Fig. S2B and C). This also resulted in increased expression of a panel of studied SREBP2 targets in HepG2 cells (Fig. 2) , more prominently evident in IHH cells, which is consistent with them being more metabolically responsive (20) . Notably, the increase was apparent when cells were cultured in both complete medium and under sterol depletion conditions. In aggregate, these results suggest that MARCH6 is a negative transcriptional regulator of the SREBP pathway in these cells.
The LDLR is an SREBP2-regulated gene, and accordingly its with a control siRNA (nontargeting; siNT) or MARCH6 siRNA (siMARCH6), pTK-Renilla-luciferase (for transfection normalization), and the indicated firefly luciferase reporter constructs for 48 h. Subsequently, cells were lysed, and dual-luciferase levels were measured. In the experiment shown in panel C, HepG2 cells were transfected in the same manner, but siRNAs from two different suppliers were used (Dharmacon and Ambion) (see Materials and Methods). Results represent the average Ϯ SD from three experiments. **, P Ͻ 0.01; ***, P Ͻ 0.001; ns, nonsignificant.
levels are increased in HepG2 and IHH cells following silencing of MARCH6. Since the LDLR pathway is the main entry portal for LDL into cells, we expected that the observed increase in LDLR mRNA would be accompanied by a concomitant increase in cellular LDL uptake. However, silencing of MARCH6 substantially decreased uptake of DyLight 488-labeled LDL into HepG2 (Fig.  3A and B) and Huh7 (Fig. 3C ) cells as determined by confocal microscopy and quantification of the fluorescence signal in cell lysates. This discrepancy between the LDLR mRNA and uptake phenotype was unexpected, leading us to evaluate the level of the LDLR protein in three established hepatocyte cell lines (HepG2, Huh7, and IHH cells) following silencing of MARCH6. In agreement with the LDL uptake phenotype, we found that LDLR protein was dramatically reduced following silencing of MARCH6, a reduction that could not be overcome by forced activation of the SREBP transcriptional program via sterol depletion (Fig. 4) . This result points toward MARCH6 decreasing the level of the LDLR through a posttranscriptional process. To conclusively establish this point, we used HepG2 cells that stably overexpress LDLR-GFP. We have previously shown that as its expression is driven by a constitutive, strong promoter, the levels of the LDLR-GFP fusion protein in these cells is uncoupled from transcriptional regulation by SREBP signaling (10) . In these cells, silencing of MARCH6 reduced the abundance of LDLR-GFP ( Fig. 5A and B) .
Importantly, the effect of MARCH6 silencing was specific, as abundance of the transferrin receptor remained largely unchanged and that of SQLE increased, as expected. In addition to reducing the levels of LDLR-GFP, loss of MARCH6 expression led to a marked redistribution of the protein from the plasma membrane to an intracellular vesicular compartment (Fig. 5C ). Given the ER localization of MARCH6, it is difficult to envision a direct scenario that could explain the change in LDLR abundance and localization toward the endolysosomal system. To test if enhanced degradation of the LDLR forms the mechanistic basis for our observations, we tested whether we can reverse the effect of MARCH6 silencing by blocking the proteasome or the lysosome. Whereas the proteasome inhibitor MG132 had no effect in this assay, the lysosomotropic agent bafilomycin A1 fully rescued the level of the LDLR when MARCH6 was silenced (Fig. 6) .
Involvement of the lysosomal degradation pathway and the acute LDLR redistribution following MARCH6 silencing are very reminiscent of what occurs following the action of proprotein convertase subtilisin/kexin 9 (PCSK9) or IDOL on the LDLR (10, (26) (27) (28) . The secreted protein PCSK9 binds the ectodomain of the LDLR, and by a mechanism not yet fully elucidated directs the receptor toward lysosomal degradation by preventing its recycling to the plasma membrane (29) . The involvement of PCSK9 in this MARCH6-dependent phenotype may be plausible as PCSK9 is an SREBP2 target (30, 31) , and its mRNA is increased by loss of MARCH6 expression (Fig. 2) . To examine this possibility we determined the effect of and siRNA targeting MARCH6 (siMARCH6) on HepG2 and IHH cells were transfected with a control or MARCH6 siRNA for 48 h, after which cells were shifted to sterol-depleted or sterol-containing medium for an additional 24 h. Gene expression was determined by qPCR, and results represent the average Ϯ SD from at least three experiments. *, P Ͻ 0.05.
FIG 3 Silencing of MARCH6 decreases LDL uptake in HepG2 and Huh7 cells.
HepG2 (A and B) and Huh7 (C) cells were transfected with a control or MARCH6 siRNA for 48 h, after which cells were shifted to sterol depletion medium for an additional 24 h. Subsequently, cells were incubated with 5 g/ml DyLight 488-labeled LDL for 1 h. Following this cells were fixed, counterstained with DAPI, and imaged by confocal microscopy (A). Representative images are shown (scale bar, 10 m). (B and C) Alternatively, cells were washed and lysed, and internalized LDL was quantified by measuring fluorescence in total cell lysates. Specific LDL uptake in control cells was set to 100%. Results represent the average Ϯ SD from three experiments. *, P Ͻ 0.01; ***, P Ͻ 0.001. the level of PCSK9 protein in HepG2 and Huh7 cells. Under sterol depletion conditions, when PCSK9 production is turned on, PCSK9 levels in the supernatant were markedly increased in both cell lines in response to loss of MARCH6 expression (Fig. 7A and  B) . This increase may be due to enhanced processing and secretion of PCSK9, but intracellular levels of PCSK9 in these cells were insufficient to use them to critically evaluate this possibility. We opted instead for a transfection-based system in HEK293 cells, which allowed us to test the effect of MARCH6 on both processing and secretion of PCSK9. Silencing of MARCH6 expression in this system was achieved, as evident from the increase in the protein level of the MARCH6 target SQLE, yet neither processing nor secretion of PCSK9 was altered (see Fig. S3A in the supplemental material). Enhanced PCSK9-mediated degradation of the LDLR could be an alternative explanation for the accumulation of PCSK9 in the culture medium following MARCH6 silencing since the LDLR is required for internalization and clearance of PCSK9. In this scenario, blocking the extracellular activity of PCSK9 should reverse the decrease in the levels of the LDLR induced by silencing of MARCH6. For this purpose, we used a PCSK9 blocking antibody, currently under clinical development for lowering LDL cholesterol levels in humans (32) . We established that a 100-fold ratio (100 g/ml) completely reverses degradation of the LDLR induced by 1 g/ml of recombinant hPCSK9 (see Fig. S3B ). This concentration mirrors that measured in culture medium of sterol-depleted HepG2 cells (Fig. 7B ). When applied to HepG2 cells, the PCSK9 blocking antibody had a minor effect on the level of LDLR in control cells (Fig. 7C) . However, even at the highest concentration tested (100 g/ml), the antibody was unable to reverse the MARCH6-induced reduction in the level of the LDLR to control levels (Fig. 7C) .
As our results rule out the involvement of PCSK9 in the MARCH6-induced phenotype, we considered the involvement of the E3 ligase IDOL, which has also been implicated in lysosomal targeting and degradation of the LDLR (28, 33, 34) . In support of IDOL's involvement, we found that the intracellular tail of the LDLR (in the context of a CD8-LDLR chimeric protein) was sufficient to confer MARCH6 sensitivity (see Fig. S4A in the supplemental material). Furthermore, cosilencing IDOL could partially counteract the siMARCH6-induced decrease in the level of the chimeric receptor. We therefore tested whether MARCH6 influences the level of IDOL mRNA. As previously reported, we found that IDOL expression decreased in hepatic cells cultured in sterol depletion medium (Fig. 8A) (10) . Unexpectedly, silencing of MARCH6 resulted in transcriptional induction of IDOL mRNA in the three hepatic cell lines tested when they were cultured in complete or sterol-depleted medium. This was not a result of increased mRNA stability since the increase in IDOL mRNA was sensitive to the transcription inhibitor actinomycin D (see Fig. S4B ).
Our evidence thus far seems to suggest that loss of MARCH6 increases IDOL expression and that this induces degradation of the LDLR. To critically test this possibility, we engineered HepG2 cells lacking a functional IDOL using CRISPR/Cas9 technology. In IDOL KO cells, LDLR protein is elevated, and the synthetic LXR ligand GW3695 is unable to promote degradation of the LDLR, confirming that IDOL activity is lost (see Fig. S5A in the supplemental material). In control cells, silencing MARCH6 increased SQLE protein and decreased the level of the LDLR (Fig. 8B) . Consistent with IDOL not being involved in SQLE degradation, silencing of MARCH6 in IDOL KO cells also elevated the SQLE protein level. However, loss of IDOL prevented the decrease in LDLR abundance following MARCH6 silencing. Similar results were also obtained by using siRNA technology to cosilence IDOL and MARCH6 in HepG2 and Huh7 cells (see Fig. S5B ). Furthermore, in addition to the increase in IDOL, we observed that expression of several other LXR target genes was also increased in HepG2 and IHH cells following silencing of MARCH6 (Fig. 9A and B) .
Interestingly, the ability of MARCH6 to control IDOL-dependent degradation may extend beyond the LDLR as we observed that silencing of MARCH6 also reduced the endogenous levels of another IDOL target, the closely related VLDLR (35), which is not subject to SREBP-dependent regulation (see Fig. S5C in the sup- HepG2 cells were transfected with a control or MARCH6 siRNA for 48 h, after which cells were shifted to sterol-depleted or sterol-containing medium for an additional 24 h. Subsequently, cells were treated with the proteasome inhibitor MG132 (25 M) or the lysosomotropic agent bafilomycin A1 (100 nM) for 6 h. Total cell lysates were immunoblotted as indicated. Immunoblots are representative of three independent experiments. The concentration (concn) of PCSK9 in HepG2 and Huh7 supernatants was determined by ELISA. Results represent the mean Ϯ SD from four (Huh7) or eight (HepG2) experiments. (C) HepG2 cells were transfected as described above and subsequently shifted to sterol-depleted medium for 24 h. Simultaneously, a PCSK9 neutralizing antibody (Ab) (0 to 100 g/ml) was added to the medium as indicated. Cells were then lysed, and total cell lysates were immunoblotted as indicated. Immunoblots are representative of three independent experiments. Sup, supernatant. plemental material). Our results therefore identify a functional E3 circuit involving MARCH6 and IDOL in controlling the LDLR pathway and lipoprotein uptake.
DISCUSSION
We have recently reported that MARCH6, an ERAD-associated E3 (36) , controls stability of SQLE, a rate-limiting enzyme in cholesterol synthesis, in a cholesterol-dependent manner (16) . In this study, we investigated the role that MARCH6 plays in maintaining cholesterol homeostasis in hepatocytes. Our main finding is the identification of an unexpected E3 axis functionally coupling MARCH6 and IDOL in the control of lipoprotein uptake via the LDLR pathway.
In our previous study, we reported that in addition to controlling the levels of SQLE, MARCH6 could also regulate the level of HMGCR, thereby positioning it as an important regulator of flux through the mevalonate pathway (16) . This regulation was at least in part posttranscriptional as HMGCR protein expressed from a constitutive promoter was also subject to MARCH6-dependent regulation. We demonstrate here that MARCH6 acts as an endogenous inhibitor of SREBP signaling, providing a second mechanism by which MARCH6 can influence HMGCR levels: increased transcription. This is in line with our earlier observation indicating that a major outcome of MARCH6 loss is an increase in basal levels of HMGCR protein. Activation of SREBPs is a complex process that initiates in the ER and requires the subsequent twostep cleavage of SREBP in the Golgi compartment to release the mature, transcriptionally active, SREBP fragment (7) . Given the ER localization of MARCH6 (36), our results are consistent with the idea that MARCH6 promotes degradation of a positive regulator of SREBP processing. However, we think that this is unlikely as we were unable to detect changes in the levels of the SREBP2 precursor protein and in SREBP2 processing by immunoblotting in the studied cells (data not shown). We point out that the transcriptional effect of MARCH6 on the SREBP pathway is limited to cells of hepatic origin and not apparent in a panel of other nonhepatic cell lines, suggesting the involvement of a hepatocyte-specific factor or signaling event. At present, the identity of this factor remains unknown.
The SREBP pathway is activated when cellular cholesterol levels decline as a means to increase cholesterol synthesis and uptake (4) . Typically, the SREBP and LXR pathways display reciprocal regulation reflecting their opposing action in cellular cholesterol homeostasis (6, 37) . It was therefore unexpected to find that silencing of MARCH6 also robustly increased the expression of IDOL. Additionally, in contrast to the cell-type-specific regulation of SREBP signaling by MARCH6, elevation of IDOL expression is more widespread and also apparent to various degrees in cells of nonhepatic origin (e.g., HEK293 and SNB-19 cells). The only transcriptional pathway reported to date to regulate the basal and inducible level of IDOL is that controlled by the sterol-sensing LXRs (10) . In addition to IDOL, several other LXR-regulated genes also displayed altered expression in response to MARCH6 silencing. Thus, loss of MARCH6 in hepatocytes induces a complex cholesterol phenotype in which both the SREBP and LXR pathways are activated. We have previously reported that loss of HepG2 and IHH cells were treated as described in the legend to Fig. 2 . Gene expression was determined by qPCR, and results represent the average Ϯ SD from at least three experiments *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ns, nonsignificant.
MARCH6 increases metabolic flux through the mevalonate pathway due to dysregulated control of the pathway at the level of the rate-limiting enzyme SQLE (16) . As a result, loss of MARCH6 activity enhances production of nonsaponifiable lipids by the mevalonate pathway. Several of the metabolic intermediates and byproducts produced by this pathway, including desmosterol, 24,25-epoxycholesterol, and 27-hydroxycholesterol, are potent endogenous LXR agonists (9, (38) (39) (40) . Therefore, we speculate that in the absence of MARCH6, the inability to effectively shut down the mevalonate pathway results in activation of the LXR program by these ligands as a means to limit cholesterol accumulation in these cells.
A functional consequence of MARCH6 silencing is a reduction in the ability of cells to take up LDL due to a decrease in LDLR protein. A trivial explanation for this observation could involve enhanced PCSK9-mediated degradation of the LDLR, which is in line with increased PCSK9 expression and accumulation of secreted PCSK9 in MARCH6-silenced cells. However, inhibition of PCSK9-induced degradation of the LDLR using an effective blocking antibody failed to reverse the LDL phenotype. Rather, our results implicate IDOL as the mediator of the MARCH6-induced phenotype. Increased IDOL-mediated degradation of the LDLR also likely explains why secreted PCSK9 accumulates in MARCH6-silenced cells; decreased LDLR prevents clearance of PCSK9 via the LDLR pathway, as also suggested previously (41) . Hepatic regulation of IDOL transcription by LXRs displays a species-specific divergence (42) . In human and primate hepatocytes, IDOL is robustly regulated by LXR activation, yet this does not occur in rodent hepatocytes for reasons presently unclear. We therefore anticipate that the functional MARCH6-IDOL network will be predominantly active in human hepatocytes. There is increasing genetic evidence from human studies implicating common and rare genetic variation in the IDOL locus as a modifier of circulating levels of plasma LDL cholesterol (43, 44) . A similar association with MARCH6 has not been reported yet in genomewide association studies, and investigations geared toward examining the contribution of rare MARCH6 variants to this lipid trait are warranted.
In conclusion, we describe here the multifaceted function of MARCH6 in cholesterol homeostasis in hepatocytes, which involves both transcriptional and posttranscriptional mechanisms. We reason that as making cholesterol de novo is energetically expensive, the cheapest option for the cell is to derive premade cholesterol by taking up circulating lipoproteins. Our newly identified MARCH6-mediated network uncouples these two modes of cellular cholesterol accretion, sparing cholesterol synthesis while favoring more cholesterol uptake via the LDL receptor (graphically summarized in Fig. 10 ). This functional E3 circuit linking MARCH6 and IDOL adds an additional, previously unrecognized, feedback mechanism to the control of cellular cholesterol homeostasis.
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